INTRODUCTION
Sequencing of DNA using a specific primer requires a template, which must consist of a maximum of target-DNA and a minimum of non-target DNA. Any kind of non-target DNA can lead to unspecific binding of the sequencing primer. The standard methods to shift the ratio towards target-DNA are either to amplify the target-DNA using the PCR technique (1) (2) (3) or to clone the target-DNA into a vector (phage or plasmid), which is highly amplified in a bacterial host and subsequently specifically isolated. If the target-DNA is represented by a specific gene, the typical approach to accomplish its characterization is to design two degenerated primers, targeting highly conserved regions of the gene. The intervening region is then amplified, cloned and sequenced. This approach, which is nowadays a routine procedure, rapidly provides sequence data on yet uncharacterized genes belonging to known gene families. The main limit of this approach is that both extremities of the investigated gene remain unknown. Despite several methods have been proposed, the characterization of a sequence adjacent to a known region (gene walking or chromosome walking) still remains a laborious and time-consuming task.
In the past, there were reports that suggested the possibility to perform direct sequencing of genomic DNA to characterize unknown regions adjacent to known ones without any kind of preliminary amplification (4, 5) . Despite the theoretical advantages of this approach, they never became standard and have been applied only in a very restricted number of cases. The reported main problems concern: (i) the high amount of DNA used (several micrograms) (4, 5) ; (ii) the unspecific binding of the sequencing primer due to the bad ratio of target-DNA over non-target DNA resulting in very short read lengths or in complete failure of the sequencing run (4, 5) ; (iii) the target organisms' genomes, which must possess a G+C ratio in a certain range (5) ; and (iv) the specific set-up of the sequencing instruments and software, which hampers the use of custom sequence services (4) . For these reasons, PCR-based gene walking methods are generally applied and largely favored over direct sequencing of genomic DNA for the characterization of unknown sequences adjacent to known ones.
PCR-based gene walking methods can be divided into three groups (based on their underlying methods): (i) inverse PCR (6) (7) (8) (9) , (ii) ligation-mediated PCR (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) and (iii) randomly primed PCR (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . Using inverse PCR and ligation-mediated PCR, as a first step DNA has to be digested with restriction enzymes. Inverse PCR amplifies unknown DNA adjacent to known DNA fragments after its intramolecular circularization, which is performed by a ligase at low DNA concentrations. The region of interest is then amplified using outward pointing primers located at both ends of the known fragment. In ligation-mediated PCR, synthetic adapterDNAs, which are ligated to restriction fragments, are used as primer annealing sites for PCR. The region of interest is then amplified by a known sequencespecific outward-pointing primer and a primer reverse complementary to the ligated adapter. A disadvantage of ligation-mediated PCR methods is the requirement of relatively high amounts of target DNA. Furthermore, ligation-mediated PCR and inverse PCR are dependent upon time-consuming and labor-intensive enzymatic modifications of the target DNA (e.g. restriction digest and ligation reactions).
Randomly primed PCR methods use the ability of oligonucleotides (primers) to bind unspecifically in the unknown fragment at low stringency conditions (20) . There are two possibilities to facilitate priming in the unknown region. Some methods use different types of walking primers to bind in the unknown region (20, (22) (23) (24) 26, 27, 29, 31, 33, 34) . Other experimental approaches utilize only one primer in PCR, which binds specifically in the known sequence stretch and in very low stringency cycles also in the unknown region (21, 25, 28, 30, 32) . The unspecific binding of these primers causes the facilitation of unspecific PCR products. Therefore, the existing randomly primed PCR methods include cloning and/or enrichment procedures (e.g. immobilization of specific products on paramagnetic beads). The derived PCR products or clones must be intensively screened for specificity, e.g. using modified oligonucleotides in hybridization experiments.
In this study, a straightforward Two-Step Gene Walking method was developed. It consists of a Walking-PCR (step 1) and direct sequencing of the PCR product (step 2). There is no need for enrichment, cloning or screening procedures; the amount of template DNA for Walking-PCR is minimal (50 ng). The new method was developed for the characterization of the genomic environment of bacterial tubulin genes in Prosthecobacter and was proven to work even in complex non-pure culture samples.
Tubulins are typical eukaryotic proteins. The first molecular evidences for real tubulin genes in bacteria were reported by Jenkins et al. (35) and later confirmed and extended by Pilhofer et al. (36) in different Prosthecobacter species. Bacterial A and B tubulin genes (btubAB) exist as adjacent loci on the genome.
Jenkins et al. (35) described the presence of a gene downstream of btubB in Prosthecobacter dejongeii, which has similarity to kinesin light chain. But to date, no sequence information was published. Therefore, recent intensive biochemical studies on the bacterial tubulin genes of Prosthecobacter could not include that third gene (37, 38) , which may be functionally related to the bacterial tubulin genes. The aim of this study was to characterize and comparatively analyze the genomic organization and the genomic environment of btub genes in different Prosthecobacter species using the newly developed Two-Step Gene Walking technique.
MATERIALS AND METHODS

Cultures
Cultures of Prosthecobacter vanneervenii DSM12252 and Prosthecobacter debontii DSM14044 were obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany) and grown aerobically at 288C in DSM medium 628. Euplotidium itoi with epixenosomes as ectosymbionts was grown according to Rosati et al. (39) . Paramecium caudatum infected with Caedibacter caryophilus was cultured in Sonneborn's Paramecium medium (ATCC medium 802) inoculated with Klebsiella planticola.
DNA Extraction
DNA from Prosthecobacter was isolated according to Wisotzkey et al. (40) . DNA from epixenosomes was extracted using a modified protocol to inhibit high nuclease activity. The lysis of the cells was directly performed in high SDS concentration without previous lysozyme treatment. SDS (10%) was added in ratio 1:1 to the cell resuspension, followed by the addition of Proteinase K (0.625 mg/ml) and RNAse (0.25 mg/ml). The mixture was incubated for 1 h at 558C. Following steps were as described by Wisotzkey et al. (40) .
Prior to DNA extraction of C. caryophilus, the Paramecium culture was starved for ten days to minimize contaminations by food bacteria. Twenty liters of paramecia were harvested with a cream separator (Westfalia Separator AG) and further concentrated with an oiltesting centrifuge for 3 min at 300 g. The concentrated paramecia were mechanically homogenized and the crushed cells were washed in phosphate-buffered saline (PBS). The pellet was resuspended in 1:1 PBS and 90% Percoll (Amersham), and applied on the top of a Percoll gradient. The gradient was build up of 90%, 70% and 50% Percoll (in 1Â PBS). Gradient centrifugation was carried out at 10 000 g at 48C for 20 min. Caedibacter caryophilus and other bacteria were recovered from the fraction between 70 and 90% and washed again in PBS. DNA was extracted from the bacteria contained in this fraction according to Wisotzkey et al. (40) .
Two-Step Gene Walking Procedure
The Two-Step Gene Walking method consists of a Walking-PCR (step 1) and direct sequencing of the PCR product (step 2). The basic principle is outlined in Figure 1 . Primers were obtained from MWG Biotech AG (Germany) and their sequences are listed in supporting material. Walking-PCRs were performed using 0.25 ml (100 mM) of one specific primer, 0.25 ml Ex-Taq (Takara Bio Inc., Japan), 5 ml Ex-Taq buffer (10Â), 5 ml dNTP mixture (2.5 mM each), 38.5 ml ultra pure water and 1 ml template DNA (50 ng). PCRs were performed using a Primus 96 Plus (MWG Biotech AG, Germany) and the cycling program shown in Table 1 .
Aliquots of Walking-PCR products were examined through agarose gel electrophoresis. The rest was purified using Perfectprep Kit (Eppendorf, Germany) to remove the remaining primers of the Walking-PCR. Typically, 5 ml of purified PCR product were directly sequenced by MWG Biotech AG (Germany) using a specific unmodified nested primer (supporting material) and an ABI 3730 XL system. For partially characterized PCR products, complete sequence was obtained through successive sequencing of the PCR product with newly designed nested primers (primer walking).
Chromatograms were analyzed and sequence stretches overlapping with known sequences were searched using CHROMAS (Version 2.01, www.technelysium.com. au/chromas.html). Contigs were assembled manually and open reading frames were searched using ORF-Finder (41) . Similarities to known protein sequences were searched using protein-protein BLAST (42) .
Sequences with similarities to kinesin light chain were analyzed using the program PRINTS in order to detect motifs of the kinesin light chain fingerprint (43) . Multiple EM for Motif Elicitation (MEME, http://meme.sdsc. edu/meme/website/meme.html) (44) was used to discover motifs in the bacterial kinesin light chain sequences. The Neuronal Network Promoter Prediction software (45) was used to identify putative promoter sequences. The prediction of Rho-independent terminators was performed with the program FindTerm (www.softberry.com/berry.phtml?topic=findterm&group=programs& subgroup=gfindb).
RESULTS AND DISCUSSION
Technical facts and theory of Two-Step Gene Walking
Initially, the authors attempted gene walking in Prosthecobacter genomes based on inverse PCR (6), Arbitrary PCR (22), SiteFinding-PCR (34) (randomly primed PCR methods) and ligation-mediated gene walking (13) (data not shown). To overcome the poor results and the low efficiency of these methods and to perform gene walking also in non-pure culture samples, the TwoStep Gene Walking technique was developed. Altogether, over 20 kb of sequence were characterized by Two-Step Gene Walking in very different sample systems.
Over 85% of the performed attempts were successful using Two-Step Gene Walking. In the other cases, there was either no detectable Walking-PCR product or unreadable sequence raw data. But in every case it was possible to keep on walking replacing the Walking-PCR primer, the sequencing primer or both of them.
Walking-PCR primers and sequencing primers that produced unambiguous results meet the following criteria: (i) C-rich sequence at the 3-prime end (preferably CC or CCC), (ii) size of 18 to 25 bp and (iii) melting temperature of 60 to 638C. Primer design according to these criteria allowed the development of a standard Walking-PCR program ( Table 1 ). The annealing temperature is adjusted to 568C in specific-annealing cycles and to 408C in the unspecific-annealing cycle. For confident contig assembly, a minimal distance of 70 bp is required between the priming site of the sequencing primer and the end of the known sequence. The Walking-PCR products analyzed on agarose gels showed in most cases a pattern representing fragments of different sizes (Figure 2 ). This can be explained by different drop off sites of the polymerase and due to different binding sites of the primer during the unspecific-annealing cycle. It results in a mixture of specific PCR products, which are heterogeneous in length. Also, a fraction of unspecific fragments is expected, because the primer could also bind unspecifically in other regions of the genome during the low stringency cycle. To estimate the portion of unspecific fragments produced during the Walking-PCR, cloning experiments were performed (data not shown). Some Walking-PCR products, with which gene walking as described above was successful, were selected. The proportion of clones with specific inserts did not exceed the proportion with unspecific inserts. This suggests that there is a significant fraction of unspecific amplification during the Walking-PCR, nevertheless the unspecific products do not interfere with the following step of direct sequencing. Therefore, direct sequencing with a specific nested primer has to be favored over a cloning and sequencing approach.
The chromatograms of successful sequencing attempts showed different typical features. In most cases, the sequence quality was high up to 600-900 bp ( Figure 3A) . Partially sequenced PCR products could be completely characterized using a newly designed nested primer, which was used for sequencing of the same PCR product (primer walking). In most cases, the Walking-PCR products were long enough to use them in multiple successive sequencing reactions. Thus, there is no need for the performance of a new Walking-PCR before the sequence of a Walking-PCR product is completely characterized through primer walking. This is crucial for the high efficiency of the Two-Step Gene Walking method.
A second typical feature of chromatograms is the type of sequence at the 3-prime end of a Walking-PCR product. Regularly, the reverse complement Walking-PCR primer sequence could be detected at the end of a sequenced fragment ( Figure 3B ). This is in accordance with the theory, which proposes unspecific binding of the Walking-PCR primer during the unspecific-annealing cycle. Therefore, the reverse complement sequence of the Walking-PCR primer has to be removed at the 3-prime sequence end of a completed PCR product. Further gene walking steps can elucidate the real genomic sequence, to which the Walking-PCR primer bound unspecifically. As expected, the genomic site of unspecific annealing of the Walking-PCR primer was in most cases quite complementary to the Walking-PCR primer (e.g. 12 complement base pair of 21 bp primer length; Figure 3B ), especially at the 3-prime end that is fundamental for the proper binding of the polymerase. Also, the Walking-PCR product patterns on agarose gels ( Figure 2 ) support this, showing mainly multiple sharp bands instead of a smear.
Another chromatogram feature was only sporadically observed, but illustrates the mechanism of Two-Step Gene Walking very clearly. Less than 3% of the obtained sequence raw data showed a short stretch (length of the Walking-PCR primer plus 1-2 bp) of clear peaks and double peaks within the sequence ( Figure 3C) . Afterwards, the chromatogram proceeded with peaks of high quality but with lower amplitudes. The region of ambiguities is produced by the concomitant presence of: (i) the 3-prime end of a short fragment that contains the reverse complement Walking-PCR primer sequence (generally, like in the case of Figure 3C , the higher peaks); (ii) the genomic sequence of the longer PCR products. The decrease of the peak amplitudes after the end of the shorter fragment can be explained by lower template amount. One or two double peaks adjacent to the primerbinding region emerge due to the terminal transferase 'A' activity of the used polymerase.
Genomic organization of bacterial tubulin genes
Initially, Jenkins et al. (35) reported the presence of bacterial tubulin (btub) genes in three Prosthecobacter species. Although no sequence data were released, the authors described the existence of a third gene, located downstream of bacterial B tubulin in P. dejongeii, that was referred to as kinesin light chain homologue. Pilhofer et al. (36) confirmed the presence of bacterial tubulin genes in Prosthecobacter vanneervenii and P. debontii and discovered a duplication of btub genes in the latter one. Two-Step Gene Walking was used in this study to characterize the genomic environment of all btub-genes in P. vanneervenii and P. debontii. The EMBL nucleotide database entries AM041148 to AM041150 were extended with the new sequence data. Characterized genes and genomic environments are shown in Figure 4 . All Prosthecobacter B tubulin genes characterized by Pilhofer et al. (36) are also followed by an open reading frame that shows some similarity to kinesin light chain. According to the original designation (35) , this third gene will be referred to as bklc for bacterial kinesin light chain. The presence of bklc genes downstream of all bacterial B tubulin genes so far characterized clearly suggests that the bacterial kinesin light chain is an essential part of a functional unit, likely an operon, represented by one bacterial A tubulin, one bacterial B tubulin and one bacterial kinesin light chain [in accordance with (35) ]. Henceforth, this cluster of genes will be referred to as bacterial tubulin operon (btub-operon).
Also gene expression features (e.g. promoters, ribosomal binding sites and terminators) support that these three genes are part of a single typical bacterial operon (see updated features of database entries AM041148 to AM041150) as well as RT-PCR results on P. dejongeii (35) .
The analysis of the genomic environment of the btub-operon shows that the genes upstream of bacterial A tubulins always appear functionally related to those downstream of the bacterial kinesin light chain gene (Figure 4) . None of the bordering genes indicated a functional relationship to cell cycle or cytoskeleton. In all three cases the btub-operon appears as an insert interrupting functionally related, but always different, genes. Genes showing low similarities to eukaryotic kinesin light chains have been described in Bacteria since 1997 [Plectonema boryanum; (46) ], but nothing is known about their function. All Prosthecobacter bacterial kinesin light chain sequences show very low similarity to eukaryotic and bacterial kinesin light chain sequences detected using BLASTP (3.7 e -6 to 4.4 e -7 ). Fingerprint analysis (43) of verrucomicrobial kinesin light chain sequences could recover only two or three out of the six typical kinesin light chain motifs. A tandem repeat of 4 respectively 5 tetratricopeptide repeat (TPR) domains could be detected in all Prosthecobacter Bklc sequences. TPR typically contains 34 amino acids and is found in both bacteria and eukaryotes; it is involved in many functions including protein-protein interactions (47) . The function of bklc in Prosthecobacter still remains to be elucidated, but a functional relationship to btub-genes can be supposed based on its genomic organization within the btub-operon and the presence of TPR domains.
Application of Two-
Step Gene Walking on non-pure culture systems
To our knowledge, the existing gene walking methods were only used for pure culture systems. Two-Step Gene Walking was successfully applied on two different complex non-pure culture sample systems, using the standardized protocol without any optimization.
Epixenosomes are episymbiotic bacteria inhabiting the surface of the hypotrich ciliate Euplotidium (48). PCR-analysis on the epixenosome rRNA operon with specific primers targeting 16S and 23S rRNA genes resulted in no amplification product (P. G., unpublished data). This suggested that 16S and 23S rRNA genes are not joined in this organism. Two-Step Gene Walking was applied to characterize the upstream region of the 23S rRNA gene by gene walking. Up to now, these organisms are not available as pure culture and can only be grown together with their host. Therefore, the sample used for DNA preparation also included the host organism Euplotidium, as well as several free-living bacteria that were present in the host culture and some of the algae used as food source for the host. Nevertheless, Two-Step Gene Walking proved to be successful to characterize a 1522 bp region upstream of the 23S rRNA gene. An open reading frame coding for a transposase, a tRNA ile gene and a tRNA ala gene (from 5-prime to 3-prime) could be detected. The nucleotide sequence was submitted to GenBank with accession number EF650087.
Caedibacter caryophilus are endosymbionts localized in the macronucleus of P. caudatum (49, 50) . Paramecium caudatum cannot be grown axenically and, in addition to regularly added food bacteria, a community of diverse free-living bacteria is present in the culture medium. These contaminants complicate each molecular approach. The 16S rRNA gene of C. caryophilus shows an unusual insertion of 194 bp within the 5-prime-terminal region. This sequence is not present in mature rRNA and is therefore called internal excised element (IEE) (51, 52) . Two-Step Gene Walking starting from the IEE was used to characterize the upstream region of the 16S rRNA gene. Two-Step Gene Walking was successfully used to characterize 936 bp of sequence. The sequence comprised the 5-prime end of the 16S rRNA gene of C. caryophilus and 767 bp of the upstream region. An open reading frame coding for a putative soluble lytic murein transglycosylase precursor was detected. The nucleotide sequence was submitted to EMBL nucleotide database with accession number AM743196.
CONCLUSIONS
In comparison to other gene walking techniques, Two-
Step Gene Walking has striking advantages, which are detailed below. It proved to be a very simple gene walking method, applicable to very different organisms. The required minimal amount of DNA (50 ng) makes it also feasible to perform gene walking in organisms for which a limited amount of biomass is available, such as slowly growing or even uncultivable organisms. To our knowledge, Two-Step Gene Walking is the first gene walking technique, which was shown to work in complex non-pure culture samples. The method was always processed using the standardized protocol without any optimization. The two-step workflow can be processed within one day, comprising only one Walking-PCR with one specific primer and direct sequencing with one specific nested primer. Over 20 kb of sequence were characterized exclusively by Two-Step Gene Walking, which is more than it is reported for other gene walking techniques. The derived sequence reads showed very high quality up to 900 bp.
Concluding, Two-Step Gene Walking overcomes the major disadvantages of other gene walking techniques. Inverse PCR and ligation-mediated PCR require timeconsuming and labor-intensive enzymatic modifications of the target DNA, a relatively high amount of target DNA (several micrograms) and other DNA modifying enzymes in addition to DNA polymerase. The advantages of Two-Step Gene Walking compared to other randomly primed PCR methods are the independence of (i) modified oligonucleotides (18, 19, 23, 27, 29, 31) , (ii) special walking primers (20, 23, 24, 26, 31, 33, 34) , (iii) successive PCRs (20, (23) (24) (25) (26) (27) 29, (31) (32) (33) (34) , (iv) cloning steps (21, 25, 26, 28, 29, 31, 33, 34) , (v) procedures to screen for specificity or to enrich specific fragments (20, 21, 25, (27) (28) (29) (31) (32) (33) (34) and (vi) other enzymatic modifications than the DNA polymerase (27) . Some methods are restricted and optimized to only one walking step starting always from the same known sequence (e.g. an inserted transposon) (28, 30) . In contrast, the developed method enables theoretically to completely characterize one DNA molecule using successive gene walking steps and primer walking on Walking-PCR products. Potential applications of TwoStep Gene Walking are (i) rapidly obtaining full gene sequences, finding the corresponding promoters and regulatory elements, (ii) characterization of complete operons starting from a small known DNA fragment, (iii) characterization of primer binding sequences (particularly important when the used primers work suboptimal), (iv) identification of transposon integration sites in known or unknown genomes for gene function studies and (v) gap closure in genome sequencing projects. The latter one could be also performed in a highthroughput scale due to the simple and standardized protocol of Two-Step Gene Walking.
The characterization of the genomic environment of Prosthecobacter tubulin genes using Two-Step Gene Walking revealed a typical bacterial operon structure. Strikingly, in addition to btubA and btubB, the btuboperon comprises also a third, kinesin-like gene (bklc). The sequence for bklc is reported here for the first time.
The btub-operons are integrated in a set of genes functionally related among themselves but apparently not with the btub-operon. The genomic environments of the different btub-operons are always different (Figure 4 ). These two facts further support the hypothesis of a horizontal gene transfer of btub-genes to Prosthecobacter (36, 37) , but the theory has now to be extended to the whole btub-operon including also bklc. This of course leads to a different view on these peculiar bacterial genes and will influence future functional studies on bacterial tubulins.
